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CHAPTER 4 DEVELOPMENT OF LOW-VOLTAGE INTEGRATED 

DRIVERS 

4.1 Principles of Super Buffer Drivers 

The ultimate goal of the VC-LJFET technology development is the realization of a 

power electronics systems-on-chip (SoC). Among many components required for a power 

IC system, the power transistor and its on-chip gate drive/control unit are considered most 

valuable. Due to the relatively large size of the power switching transistor, it presents 

itself as a significant capacitance. On the other hand, the on-chip input signal used to 

control the power switch usually comes from a low-power logic circuit of very limited 

current-driving capability. In order to interface the logic control components and the 

power devices, a gate drive buffer needs to be developed to allow fast switching of the 

power JFET.  

The simplest gate buffer can be made by using a single logic inverter between the 

input signal and the power device. Assuming the control circuit, the buffer and the power 

device are all based on the same device technology, if the area ratio between the power 

device and the logic circuit’s output stage is x, then the optimal area ratio between the 

buffer inverter and the power device for minimized propagation delay is given by x . 

[53] When the ratio x is very large, a single inverter stage becomes insufficient. A more 

powerful approach is to use a chain of multiple-stages logic inverters. The first inverter 

stage of the buffer has to be reasonably small to avoid excessive delay caused by the 

capacitive loading effect to the preceding signal generation unit. On the other end, the 
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output of the last inverter stage is connected to the power device and is used to supply a 

strong charging/discharging current to the gate terminal. Therefore the last stage needs to 

be of significant size to fulfill the current drive requirements. A multiple-stage buffer is 

hence designed to include inverter stages of increasing size and current drive capabilities. 

Fig. 4-1 illustrates the buffer circuit logics. If the area scaling factor between two 

neighboring inverter stages is u, and the number of buffer stages is N, then  

)ln(
)ln(

u
xN =           (4.1) 

and the minimal total propagation delay is achieved when [53] 

uoptimal = e = 2.718        (4.2) 

Fig. 4-1 N-stage buffer 

 

In practice, a scaling ratio of 3 to 5 is almost equally efficient and also helps reduce 

the required number of stages and the chip area. Another important requirement for the 

stable buffer functioning is that the logic inverters used in the circuit must be able to 

cascade indefinitely.  
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4.2 Review of the First Demonstration of LJFET-based Buffer Driver and Power IC 

 The first VC-LJFET based power integrated circuit was experimentally demonstrated 

by the Rutgers SiCLAB team including myself in 2008. [54] The gate drive buffer has 

four stages of logic inverters with a scaling ratio of 5. As shown in Fig. 4-2, each of the 

inverter stages consists of a low-voltage normally-off VC-LJFET and a matching resistor.  

 

Fig. 4-2 The first SiC Power IC based on a power VC-LJFET 

and integrated resistor-load inverter buffer driver 

 

 The resistor-load inverter based buffer driver is monolithically integrated with a 

power VC-LJFET. After on-chip probe testing, a functional integrated circuit is diced 

from the SiC wafer and mounted on a hermetic package by silver nano paste. The 

electrical access to the SiC circuits is accomplished by gold wire bonding. A photo of the 

packaged SiC IC is shown in Fig. 4-3. The SiC chip is then connected to an external 
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inductor, a SiC diode, and a capacitor in a DC-DC boost converter configuration, as in 

Fig. 4-2. Dynamic test on the SiC power IC confirmed its capability of operating at 

1MHz, 200V and 2A. [54] 

 

Fig. 4-3 An optical photo of the SiC power integrated circuit 

 

4.3 Motivation for the Improved Driver Design and Configuration 

While high frequency switching of the first VC-LJFET based power IC has already 

been demonstrated, the buffer driver design and optimization is yet to be fully explored. 

Besides the need to model and thoroughly investigate the circuit’s functionality and 

toleration of variations, this is an opportunity to bring the circuit performance to another 

level by revisiting the design of the logic inverters. After all, it is no secret that inverters 
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based on the resistor-transistor logic are obsolete in silicon industry and have been 

superseded by more advanced logic configurations as far as 30 years ago. 

Similar to silicon technology, the most preferred choice for SiC inverters is to employ 

complementary pairs of transistors in a CMOS logic configuration. In such scenarios, zero 

static power loss can be achieved thanks to the alternating on and off states of the pairing 

transistors. In reality, the state-of-the-art silicon CMOS technology is by no means easy in 

SiC. While a SiC CMOS approach has been reported in [55], the very low hole mobility 

in the PMOS makes it unsuitable for practical design requirements. 

 Historically, silicon-based logic inverter circuits evolved from resistive-load NMOS 

logic, to a “high-performance” or depletion-load NMOS logic before the CMOS 

technology matured. In the latter circuit, normally-on transistors with shorted gate and 

source electrodes are fabricated to replace the load resistors, like in Fig. 4-4. This 

advance was originated from the attention on the high resistance required for the load 

resistor in an inverter and the slow low-to-high transition it causes. The high resistance is 

necessary because when the transistor is turned on, most of the VDD voltage drop has to 

be on the resistor in order for the inverter to output a proper VOL level. This in turn limits 

the current through the resistor when the transistor is switched off, making the available 

current for charging the next-stage gate capacitance low. 

 When a depletion-mode transistor is used as the load in an inverter, the transition 

speed problem can be significantly improved by the load transistor’s non-linear current 

characteristics. As an inverter’s output terminal charges up, the current through a resistor 
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load steadily decreases as the output voltage increases. In contrast, the current through an 

ideal depletion-mode transistor remains constant, thanks to its current saturation 

characteristics. An ideal current source in place of the load resistor could reduce the 

required charging time by more than half. In a properly designed depletion-load inverter, 

a significant portion of this speed benefit can be realized. 

 

Fig. 4-4 Logic inverter based on a depletion-mode transistor load 

 

In addition, a depletion-mode VC-LJFET is essentially the same structure as the 

enhancement-mode VC-JFET already fabricated in the driver except for a slightly varied 

vertical channel width (Wvc). Inclusion of such devices into the buffer circuit does not 

require additional process development. By eliminating the need for on-chip resistors, we 
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also avoid the processing uncertainties and variations that are specific to them. This 

provides an additional bonus from a design and manufacture perspective.  

In the following section, modeling and optimization work on the SiC VC-LJFET 

based buffer driver circuits will be presented. Both resistor-load and JFET-load cases are 

simulated in a DC-equivalent fashion. A dynamic performance comparison is then 

summarized and discussed. 

 

4.4 Design and Comparison of Depletion-load and Resistor-load Buffer Drivers 

4.4.1 Numerical Device Modeling and Circuit Parameter Extraction 

 

 

Fig.4-5. Cross sectional view of LV VC-LJFET 

 



 86

The low-voltage (LV) VC-LJFET structures are evaluated with a numerical simulator, 

courtesy of Dr. Xueqing Li at United Silicon Carbide, Inc. Fig.4-5 shows the LV LJFET 

device cell structure. 

In the numerical analysis, electron mobility in vertical channel is assumed as 500 

cm2/Vs. Threshold voltages are measured at drain current density of 1x10-3 A/cm2 when 

Vd=0.5V. For the enhancement-mode LJFET, the vertical channel opening (Wvc) is set at 

0.36 μm, which corresponds to a threshold voltage of 0.54V. A series of 10 Wvc values are 

considered for the depletion-load LJFETs, covering the threshold voltage range -1V to 

-10V. For the depletion-mode VC-LJFETs, the dependence of the threshold voltages (Vth) 

on Wvc at room-temperature and 200oC is shown in Fig.4-6.  

 

Fig. 4-6. Vth dependence on. Wvc for depletion-mode LV VC-LJFET 
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For each of the simulated LV-LJFETs, the Ids vs Vgs and Ids vs Vds characteristics are 

extracted, along with the parasitic capacitances (Cgs, Cgd and Cds) as functions of the bias 

voltages. These numerical simulation data provide the foundation for modeling these 

LV-LJFETs in circuit-level simulators (PSPICE). After proper parameter fittings, compact 

models for the JFET devices can be developed, facilitating the buffer circuit simulation 

on PSPICE.  

 

Fig. 4-7 JFET model in PSPICE 

 

In PSPICE, a JFET device is considered as an equivalent of the circuit shown in Fig. 

4-7. To reproduce the JFET’s numerically simulated current and capacitive characteristics 

on PSPICE, several parameters can be customized. The equations governing JFET’s I-V 

operation in PSPICE include: 

Gate-to-source current:  

Igs (normal current) = IS·(eVgs/(N·Vt)-1)    (4.3) 
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Drain currents: 

for cutoff region: Vgs-VTO < 0,   

 Idrain = 0         (4.4) 

for linear region: Vds < Vgs-VTO,  

Idrain = BETA·(1+LAMBDA·Vds)·Vds·(2·(Vgs-VTO)-Vds)  (4.5) 

for saturation region: 0 < Vgs-VTO < Vds,  

Idrain = BETA·(1+LAMBDA·Vds)·(Vgs-VTO)2  (4.6) 

Based on these equations, the IS parameter is determined from the turn-on voltage of 

the G-S diode. BETA, VTO, LAMBDA and rd are obtained by fitting the Jds vs Vds and 

Jds vs Vgs curves of the numerical simulation results. For parasitic capacitances, the 

equations used by PSPICE are: 

When Vgs < FC·PB,   Cgs = area·CGS·(1-Vgs/PB)-M    (4.7) 

When Vgd < FC·PB,   Cgd = area·CGD·(1-Vgd/PB)-M    (4.8) 

where CGS, CGD, PB and M parameters can be obtained by fitting the capacitance’s 

dependence on Vgs or Vgd. 

Since PSPICE does not directly give capacitances as an output, like voltage or current, 

the parasitic capacitances are evaluated by AC current amplitudes and performing 

appropriate conversions. Fig. 4-8 (a) and (b) show the PSPICE circuit configurations when 

evaluating Cgd and Cgs values. 
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                (a)        (b) 

Fig. 4-8 PSPICE circuit configurations for evaluating (a) Cgd, and (b) Cgs 

 

 Since the depletion-mode load JFETs are always used with shorted the gate and 

source terminals, in the modeling of these devices, only the Vgs=0V curves for the Ids vs 

Vds characteristics are evaluated. Cgs in these JFET models is also set to zero for the 

same reason. The compact model parameter extraction results are summarized in Table 

4.1, including the enhancement-mode and depletion-mode LV VC-LJFETs at 

room-temperature and 200oC. All devices are assumed to have 1 cm2 in active area. The 

characteristics fitting details are shown in Fig. 4-9 (a)~(z). 
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Device VTO IS BETA Rd LAMBDA CGD PB M CGS 

0.36R 0.55 1E-45 101.5 1.8E-3 2.1E-2 24n 3 0.45 20n 

0.36H 0.3 1E-45 40 6E-3 2.9E-2 24n 3 0.45 20n 

0.44R -0.58 1E-45 95 8E-3 2.8E-2 38n 3 0.25 0 

0.44H -0.89 1E-45 30 1.1E-2 4E-2 44n 3 0.2 0 

0.50R -1.45 1E-45 95 4.7E-3 2.3E-2 50n 3 0.15 0 

0.50H -1.75 1E-45 34 9E-3 3E-2 58n 3 0.15 0 

0.56R -2.5 1E-45 74 2.5E-3 2.3E-2 57n 3 0.15 0 

0.56H -2.8 1E-45 27 6E-3 3.8E-2 61n 3 0.05 0 

0.62R -3.8 1E-45 56 1.7E-3 2.4E-2 54n 3 0.05 0 

0.62H -4.1 1E-45 22 4.7E-3 4E-2 57n 3 -0.05 0 

0.66R -4.65 1E-45 46 1.5E-3 2.9E-2 52n 3 0.01 0 

0.66H -4.95 1E-45 17 3.9E-3 6E-2 47n 3 -0.25 0 

0.70R -5.55 1E-45 33 0.6E-3 6E-2 30n 3 -0.45 0 

0.70H -5.85 1E-45 13 2.7E-3 9E-2 35n 3 -0.4 0 

0.74R -6.5 1E-45 28 0.5E-3 6.1E-2 28n 3 -0.4 0 

0.74H -6.8 1E-45 14 3E-3 4.5E-2 40n 3 -0.2 0 

0.78R -7.5 1E-45 22 0 7E-2 21n 3 -0.5 0 

0.78H -7.8 1E-45 7.8 5E-4 1.1E-1 25n 3 -0.32 0 

0.82R -8.5 1E-45 20 0 6E-2 3 20n -0.5 0 

0.82H -8.8 1E-45 8 1E-3 8E-2 3 27n -0.25 0 

0.86R -9.5 1E-45 19.5 0 4.2E-2 3 18n -0.5 0 

0.86H -9.8 1E-45 7 0 6E-2 3 23n -0.2 0 

Table 4.1 PSPICE parameter extraction results for LV VC-LJFETs  

(Device ID: 0.36R – JFET with Wvc of 0.36μm, data at room-temperature;  

0.36H – JFET with Wvc of 0.36μm, data at 200oC) 
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Fig. 4-9 (a) Jds vs Vds fitting for enhancement-mode LV-LJFET (RT) 

 

Fig. 4-9 (b) Cdg vs Vdg fitting for enhancement-mode LV-LJFET (RT) 
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Fig. 4-9 (c) Cgs vs Vgs fitting for enhancement-mode LV-LJFET (RT) 

 

Fig. 4-9 (d) Jds vs Vds fitting for enhancement-mode LV-LJFET (473K) 



 93

 

Fig. 4-9 (e) Cdg vs Vdg fitting for enhancement-mode LV-LJFET (473K) 

 

 

Fig. 4-9 (f) Cgs vs Vgs fitting for enhancement-mode LV-LJFET (473K) 
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Fig. 4-9 (g) Jds vs Vds and capacitance vs Vd fittings for 0.44um-Wvc JFET (RT) 

 

Fig. 4-9 (h) Jds vs Vds and capacitance vs Vd fittings for 0.44um-Wvc JFET (473K) 

 

Fig. 4-9 (i) Jds vs Vds and capacitance vs Vd fittings for 0.50um-Wvc JFET (RT) 
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Fig. 4-9 (j) Jds vs Vds and capacitance vs Vd fittings for 0.50um-Wvc JFET (473K) 

 

 

Fig. 4-9 (k) Jds vs Vds and capacitance vs Vd fittings for 0.56um-Wvc JFET (RT) 

 

 

Fig. 4-9 (l) Jds vs Vds and capacitance vs Vd fittings for 0.56um-Wvc JFET (473K) 
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Fig. 4-9 (m) Jds vs Vds and capacitance vs Vd fittings for 0.62um-Wvc JFET (RT) 

 

 

Fig.4-9 (n) Jds vs Vds and capacitance vs Vd fittings for 0.62um-Wvc JFET (473K) 

 

 

Fig. 4-9 (o) Jds vs Vds and capacitance vs Vd fittings for 0.66um-Wvc JFET (RT) 
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Fig.4-9 (p) Jds vs Vds and capacitance vs Vd fittings for 0.66um-Wvc JFET (473K) 

 

 

Fig. 4-9 (q) Jds vs Vds and capacitance vs Vd fittings for 0.70um-Wvc JFET (RT) 

 

 

Fig.4-9 (r) Jds vs Vds and capacitance vs Vd fittings for 0.70um-Wvc JFET (473K) 
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Fig. 4-9 (s) Jds vs Vds and capacitance vs Vd fittings for 0.74um-Wvc JFET (RT) 

 

 

Fig. 4-9 (t) Jds vs Vds and capacitance vs Vd fittings for 0.74um-Wvc JFET (473K) 

 

 

Fig. 4-9 (u) Jds vs Vds and capacitance vs Vd fittings for 0.78um-Wvc JFET (RT) 
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Fig. 4-9 (v) Jds vs Vds and capacitance vs Vd fittings for 0.78um-Wvc JFET (473K) 

 

 

Fig. 4-9 (w) Jds vs Vds and capacitance vs Vd fittings for 0.82um-Wvc JFET (RT) 

 

 

Fig. 4-9 (x) Jds vs Vds and capacitance vs Vd fittings for 0.82um-Wvc JFET (473K) 
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Fig. 4-9 (y) Jds vs Vds and capacitance vs Vd fittings for 0.86um-Wvc JFET (RT) 

 

 

Fig. 4-9 (z) Jds vs Vds and capacitance vs Vd fittings for 0.86um-Wvc JFET (473K) 

 

In addition to the low-voltage VC-LJFETs, a power LJFET model is determined from 

the experimental characterization data of a previously fabricated device as the following: 

Room-temperature model: 

.model J_HV_ljfet NJF Beta=0.6 Vto=0.7 N=3.7 Pb=2.85 FC=0.5 Lambda=0.049  

+ Rd=0.225 Cgs=0.2n Is=1e-15 Cgd=43p M=0.5 Betatce=-0.553   

.model D_HV_ljfet D Is=1e-15 Cjo=0.165nF bv=1500V VJ=75 M=5 N=4 
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473K model: 

.model J_HV_ljfet_200c NJF Beta=0.23 Vto=0.3 N=3.7 Pb=2.85 FC=0.5 Lambda=0.049  

+ Rd=0.55 Cgs=0.2n Is=1e-15 Cgd=43p M=0.5 Betatce=-0.553  

.model D_HV_ljfet_200c D Is=1e-15 Cjo=0.165nF bv=1500V VJ=75 M=5 N=4 

 

4.4.2 Buffer Driver Circuit Setup in PSPICE  

The target of our buffer circuit design is to minimize the delay times of the buffer 

circuit and the switching times of the larger power device being driven, while at the same 

time, ensure proper logic switching functionality (on/off) by a reasonable safety margin 

against processing uncertainties. The resistor-load and depletion-load versions of the gate 

buffer circuits are set up in PSPICE as illustrated in Fig. 4-10. The drain terminals of the 

power LJFET is connected to a 2A current source in parallel with a freewheeling diode. 

A high-voltage power supply then pulls up the current source and diode to 200V. The 

scaling factor between two neighboring stages is 5. 
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(a) Resistor-load buffer drive circuit diagram 

 

(b) Depletion-load buffer drive circuit diagram 

Fig. 4-10 Circuit setup for simulation in PSPICE 

 

4.4.3 The Depletion-load Advantage Visualized 

 In this example, we performed circuit switching simulation for the buffer drivers 

loading a 1.6mm2 power VC-LJFET. The 0.44μm-Wvc LJFET is selected as the 

depletion load, and the device areas for the load and switching transistors in each inverter 
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stage are equal. A 3V DC source supplies power to the driver circuit. For comparison to 

the resistor-load buffer, resistors equivalent to the JFET loads are determined by the DC 

operating points when the enhancement-mode JFETs are turned on. In other words, the 

resistor-load and depletion-load versions of the buffer driver have the same DC output 

voltage levels, and are being compared against each other for their dynamic performance. 

Fig. 4-11 compares the high-voltage switching performance of the power device driven 

by the two buffer circuits. Calculated from these waveforms, using the LJFET loads in 

place of resistors cuts the switching fall time and hence the switching loss by nearly 50% 

from 123ns to 67ns. [56] 

 

Fig. 4-10 Simulated 1MHz switching waveforms  

of SiC power ICs with JFET and resistor loads 

 

We shall note that load LJFETs of wider Wvc may be used, which would reduce 

the chip area needed for the same load resistance. However, the trade-off here is a slower 
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switching time, since the I-V characteristics of wider-channel VC-LJFETs become more 

linearly shaped like that of a resistor. Table 4.2 compares the dynamic performance of 

drivers using LJFET loads in three vertical channel openings, where they all have 

equivalent DC voltage transfer characteristics (VTC). The depletion- load advantage in 

switching time gradually diminishes as the Wvc of the load LJFETs gets wider. 

Wvc of load (μm) Chip area for driver (mm2) Fall time (ns)

0.44 0.5 67 

0.50 0.29 85 

0.56 0.27 108 

Resistor 0.25 + resistor area 123 

Table 4.2 Comparison of chip area usage and power device  

switching fall times by using LJFET loads of different Wvc in the driver 

 

4.4.4 Design for Practical Buffer Fabrication 

 While the above example shows the speed benefit of using narrow channel JFETs, in 

practice designing the buffer with 0.44μm-Wvc JFET loads is very risky. Due the 

extreme sensitivity on the mesa width, the narrow-channel load JFET could be normally 

off easily if the mesa is etched 0.1μm narrower. On the other hand, a wider mesa will 

significantly enhance the current conduction and result in a much lower load resistance. 

This will in turn elevates the VOL level of the logic inverters, and easily lead to 
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insufficient off-biasing of the next-stage switching JFET and hence the malfunction in the 

logic inverter cascading. 

 A practical design for the load JFET channel should allow slight variation in the 

mesa width control; while still achieve a reasonable speed benefit over the resistor-load 

equivalent. In this design work, the 0.56μm vertical channel is selected on this ground. 

The following simulations based on a 5V buffer circuit power supply and a 1:5 area ratio 

of the load and switching JFETs will predict roughly 25% fall-time reduction for the 

depletion-load buffer as compared to its resistor-load DC equivalent. 

 

Fig. 4-11 PSPICE Circuit setup of a four-stage buffer driving a power LJFET 

 

Fig. 4-11 shows a screenshot of PSPICE circuit setup of the designed four-stage 

buffer circuit driving the power LJFET of 1.6mm2. A 5V voltage source is used to power 

the buffer circuits for charging speed enhancement over the 3V supply. The scaling factor 

of 5 is used, and the total area of the buffer driver is controlled within 20% (18.72%) of the 
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size of the power JFET. Depletion-load transistors are designed to be 5 times smaller than 

the enhancement-mode JFET of the same stage considering the trade-off between 

switching speed and output voltage levels. The load transistors with Wvc between 0.44μm 

and 0.66μm is paired to the enhancement-mode JFET and simulated in this circuit. Load 

transistors of Wvc larger than 0.66μm are not considered because their I-V characteristics 

are already very similar to a resistor load and hence are not able to deliver the performance 

benefits of a depletion-mode transistor load. 

 

 
Fig. 4-12 (a) DC voltage transfer curve (VTC) of four-stage driver using  

Wvc=0.56μm depletion load (VOL=0.414V, VOH=3.06V) 
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Fig. 4-12 (b) High voltage switching waveform at 3MHz (Wvc_load=0.56μm) 

T_rise=11ns, T_fall=23ns, T_rise+T_fall=34ns 
 

Fig. 4-12 (a) and (b) show the PSPICE simulation results using the depletion-load 

model J56. The VOL and VOH levels can be determined from the voltage transfer curve in 

Fig. 4-12(a), and the switching waveform in Fig. 4-12 (b) illustrates the rise and fall times 

in the power JFET’s output terminal. The total of rise and fall time is an important measure 

of how fast the circuit is capable of switching. For the five depletion-load JFETs we 

simulated, their rise and fall time values, together with DC VOH/VOL levels are shown in 

Table 4.3. 

Wvc= 0.44μm 0.50μm 0.56μm 0.62μm 0.66μm 

T_rise (ns) 24 12.5 11 16.6 18 

T_fall (ns) 323 52.9 23 16.7 15 

T_total (ns) 347 65.4 34 33.3 33 

VOH (V) 2.85 3.01 3.06 3.09 3.1 

VOL (V) 0.03 0.18 0.414 0.69 0.78 

Table 4.3 High-voltage switching rise and fall times  

and DC VOH/VOL levels on different Wvc load transistors 
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From Table 4.3, we determined that the center design 0.56μm is an optimal load 

because of its fast switching speed and relatively low VOL level. A wider channel opening 

would offer similarly fast switching but result in a higher VOL at the same time. We require 

the VOL level to be lower than the threshold voltage of the enhancement-mode JFET to 

ensure proper on and off switching. And a room-temperature VOL level above 0.5V would 

pose a risk of malfunction, especially when temperature is elevated. 

To compare with a resistive load driver, we replaced the depletion-load JFETs with 

resistors. The resistance values are determined to maintain the same VOL level (0.414V) as 

the depletion-mode load case. Specifically, this gives a 23.1Ω resistance for the 4th stage, 

and 5 times larger for each preceding stage. The rise time, fall time and total of the two are 

calculated from the switching waveforms, and found to be 11ns, 31ns and 42ns 

respectively. In such a circuit configuration, it is seen that the 0.56μm depletion-load 

JFETs realize a 25% reduction in the power device’s switching fall time as compared to 

the resistor-load counterpart. In our design for the buffer driver fabrication, the 

enhancement/depletion-mode (E/D mode) circuit simulated in this configuration provides 

the foundation for the mask layout strategy. The 0.36μm-0.56μm VC-LJFET pairs are 

therefore targeted for vertical channel width control purposes. 

 

4.4.5 Circuit Functionality at High Temperature 

4H-SiC is a wide bandgap semiconductor with demonstrated potential of 

high-temperature electronics applications. In this work, we are therefore naturally 
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interested in analyzing the device and IC functioning under elevated temperatures. By 

replacing the room-temperature models of the transistors with their respective 200oC 

models, the high-temperature functionality of the buffer driver and power IC can be 

predicted.  

Using the same enhancement-mode (Wvc=0.36μm) and depletion-mode 

(Wvc=0.56μm) JFETs, the DC voltage transfer curve at 200oC is shown in Fig. 4-13 (a). 

A slight increase in the VOL level is expected compared to the room-temperature results. 

 

 

Fig. 4-13 (a) 200oC DC voltage transfer curve (VTC) of four-stage driver using  

Wvc=0.56μm depletion load (VOL=0.54V, VOH=2.98V) 
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Fig. 4-13 (b) High voltage switching waveform at 1.1MHz 

T_rise=31ns, T_fall=58ns, T_rise+T_fall=89ns 

 

The buffer driver still functions well at 200oC but the switching speed is slower due to 

lower current driving capabilities of the transistors, which can be seen from Fig. 4-13 (b). 

In short, the designed four-stage E-D mode buffer and power IC are simulated to operate 

at up to 200oC with megahertz switching capability, making it an attractive technology 

for high-frequency medium-power switching applications. 

 

4.4.6 Circuit Functionality with Wafer and Process Variations 

In the actual wafer fabrication, the Wvc parameter of VC-LJFETs is determined by the 

source mesa widths and the depth of sidewall gate implants. This parameter is critical but 

difficult to precisely control. To experimentally hit the design target, multiple mesa widths 

are usually included on the photomasks. To determine the optimal arrangement of mesa 

widths on the mask, a thorough understanding on the Wvc variation tolerance is needed. 

In Section 4.3.4, we used five different depletion-load transistors to simulate the power 
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switching functionality. From Table 4.3, the effect of load transistor Wvc variation can be 

seen. The buffer driver is found to be functional in all the five cases, only at different speed 

ratings.  

In addition to the load variation, the enhancement-mode LJFET’s channel opening can 

be off the target width as well. Analysis of this effect can be accomplished by modifying 

the threshold voltage parameter (VTO) of the enhancement-mode LJFET model according 

to its Vth dependence on Wvc, and then performing the transient simulation with the new 

parameters. By setting the enhancement-mode LJFET’s Wvc values from 0.24μm to 

0.46μm in these simulations, we see a more critical channel control demand for the 

switching devices than the load. Specifically, the enhancement-mode JFET’s Wvc 

window for room-temperature operation is found to be around 0.15μm, whereas the load 

varying from 0.44μm to 0.66μm was found allowable for proper switching. A summary 

of buffer functionality with varied Wvc of the load and switching JFETs is shown in Fig. 

4-14, including room-temperature and 200oC results. 

Based on these results, the channel width step designed on the mask has to be no more 

than 0.1μm to ensure that one of the variants will hit the Wvc window for the 

enhancement-mode JFET.  
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Fig. 4-14 (a) Power switching functionality at RT with varied Wvc values 

 

Fig. 4-14 (b) Power switching functionality at 200oC with varied Wvc values 
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In addition to possible channel width variations, the doping concentration of the 

epitaxial channel layer is also a parameter that may be significantly out of specification. 

The designed doping is 5.2x1016cm-3, but a realistic expectation of epi-layer’s actual 

doping concentration would be somewhere between 3 and 8 x1016cm-3. The effect of a 

doping concentration change to an LJFET can be roughly considered equivalent to a 

change in Wvc, at the condition that these two changes result in the same variation of the 

gate threshold voltage.  

On theoretical calculation, when the doping concentration is at 3 x1016cm-3, the 

enhancement-mode LJFET (Wvc=0.36μm) will have a threshold voltage of 1.59V. This is 

equivalent to an LJFET of Wvc=0.277μm with the target doping 5.2 x1016cm-3. At the 

same time, the load transistor (Wvc=0.56μm) will have a threshold voltage of -0.27V, 

equivalent to Wvc=0.416μm at doping level of 5.2 x1016cm-3. In order to restore the 

original threshold voltages (Vth_e= 0.54V, Vth_d=2.68V), the channel opening for the 

enhancement-mode JFET has to be increased to 0.48μm, and for the depletion-mode JFET, 

0.748μm. The analysis for doping at 8 x1016cm-3 is similar but with opposite directions of 

change.  

A summary of the calculations is shown in Table 4-4. From this result, we conclude 

that to compensate the possible epilayer doping inaccuracies, channel width variations of 

+/- 0.1~0.2μm from the targeted value need to be included in the photomask design. 
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Actual 
Doping 
Level 
(cm-3) 

E-mode JFET 
equivalent Wvc 
at target doping 
level 

E-mode JFET 
Wvc needed to 
offset doping 
change 

D-mode JFET 
equivalent Wvc 
at target doping 
level 

D-mode JFET 
Wvc needed to 
offset doping 
change 

N=3E16 0.277μm 0.48μm 0.416μm 0.748μm 

N=5.2E16 0.36μm 0.36μm 0.56μm 0.56μm 

N=8E16 0.448μm 0.28μm 0.703μm 0.445μm 

Table 4-4 Calculation for doping variation effects 

 

4.4.7 Circuit Performance with Fewer Stages 

In super buffer circuit theory, the optimal scaling factor for minimal propagation delay 

is the Euler’s number, e (~2.718). In practice, a larger scaling factor is usually used to 

reduce the number of inverter stages and the circuit complexity. The four-stage driver 

designed above uses a scaling factor of 5 for good performance without excessive number 

of stages.  

However, if worse propagation delay is tolerable and a better chance of driver 

functionality is desired, alternative buffer designs using fewer stages can be implemented. 

In this section, we compare the performance of the four-stage driver to optimized 3, 2 and 1 

stage alternatives of equal chip area.  

To compare the performance of the buffer drivers, a realistic on-chip source of weak 

input signal is needed. In the circuit, we included a final stage of a ring oscillator to present 



 115

the output impedance effect of the signal source. Such a stage is assumed to consist of an 

enhancement-mode LJFET of 20μm channel width and a resistor load paired to it.  

 

Fig. 4-15 Configuration of the LJFET-based power IC with input-side interface 

 

The four-stage buffer driver in Fig. 4-15 is the same one designed in the previous 

sections. The first-stage enhancement-mode LJFET is 5 times the size of the transistor in 

the oscillator. Each of the following stage is 5 times larger than the previous one. The 

buffer drives a power LJFET of 1.6mm2. The total area used for the buffer is 18.72% of that 

for the power JFET. 

Fig. 4-16 shows 5MHz high-voltage switching of the four-stage buffer-driven circuit. 

We define four figures-of-merit from the waveform to evaluate the switching delay and 

speed, as in Table 4-5. The four-stage driver simulation results are included in Table 4-5, 

row 3. 
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Fig. 4-16 Transient switching waveforms of the power IC with four-stage buffer driver 

(The 3V input square wave is magnified by 100 for visual comparison purpose) 

 

Td_on Td_off T_f T_r 

Delay time from 
input change to 
10% of output 
voltage drop 

Delay time from 
input change to 
10% of output 
voltage rise 

Time needed for 
output voltage 
falling from 90% to 
10% 

Time needed for 
output voltage 
rising from 10% to 
90% 

21ns (four-stage) 25ns (four-stage) 23ns (four-stage) 10ns (four-stage) 

Table 4-5 Definition of delay and switching times 

 

To simulate the performance of an alternative buffer design with fewer stages, we make 

modifications to the circuit according to the following rules. The alternative designs 

determined this way are optimized for their respective number of stages and suitable for 

comparison to the four-stage driver of the same chip area. 

1. Keep the last stage of the ring oscillator and power device loads intact. 

2. Remove 1, 2 or 3 stages 
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3. Define a to-be-determined scaling parameter α, so that the first-stage 

enhancement-mode LJFET in the driver is α times the size of the transistor in the ring 

oscillator. The depletion-load is still 5 times smaller than the enhancement-mode 

LJFET of the same stage to maintain the same DC voltage transfer characteristics. Each 

of the stage towards the power device is α times larger than the previous stage. 

4. Add up the total size of the driver, which is dependent on the parameter α, and make it 

equal to the total size of the four-stage driver. 

5. Find the value for α based on the above equation. Implement the sizes of the transistors 

in the circuit according to step 3. 

 

The scaling parameters such determined for 3-, 2-, and 1-stage buffer drivers are 8.85, 

27.5 and 780. These circuits are simulated for high-voltage switching, and the delay times 

are found from the waveforms. They are summarized in Fig. 4-17. For reference purpose, a 

circuit without any buffer stages is also simulated with delay results included. 

It is seen from Fig. 4-17 that when the number of stages is reduced to 3 and 2, the delay 

times have moderate degradation in the Td_off and/or Td_on values. Nevertheless, 5MHz 

switching in these circuits can still function down to this point. Fig. 4-18 shows the 

switching waveforms of 4-, 3- and 2-stage buffer driver circuits with the same 5MHz signal 

source (High-low polarity is inverted for the 3-stage for visual comparison purpose). With 

such an input source, a perfectly fast switching circuit would yield a square-shaped 

waveform that toggles between 0V and 200V sharply at the 100, 200 and 300ns points. In 
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this figure, the three plotted waveforms all have visible delays at the tens-of-nanosecond 

level. Depending on specific application requirements, however, these driver circuits may 

be sufficiently competent for fast power switching purposes up to megahertz frequencies. 

 

 

Fig. 4-17 Simulated delay times of buffer drivers with varied number of stages 

 

 

Fig. 4-18 Switching waveforms of 4-, 3- and 2-stage buffer driver circuits at 5MHz 
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When the number of stages is further reduced to 1, MHz switching is no longer 

possible due to a sharp increase in delay times. However, a single-stage logic inverter 

serving as a driver offers the simplest form of super buffer without the multi-stage 

voltage matching requirements. It is therefore an indispensible test structure and 

prototype cell for the development of the LJFET-based power integrated circuits. 

 

4.5 Fabrication Process Consideration and Simplification 

 Since the complete process flow of VC-LJFET has been demonstrated during the 

development of lateral power devices, the fabrication procedure for the experimental 

demonstration of the integrated depletion-load gate buffer driver only requires minor 

process revision and simplification. Because of the low current and voltage requirements 

for the driver devices, top RESURF implantation, as well as the gate/drain metal 

thickening procedure is not required. VIA and overlay process can be simplified by using 

only one layer of metal. Other steps remain essentially the same.  

 A brief overview of necessary process steps for the integrated E-D mode buffer 

demonstration is listed below. 

1. Clean wafer prior to fabrication 

2. Gate trench etching by ICP Bosch process, followed by trimming in CF4/O2 plasma 

until desired mesa width is reached 

3. Isolation trench etching by ICP with thick AlTi mask cover 

4. Gate and isolation implantation by tilted and vertical aluminum ion doses 
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5. Drain contact region implantation  

6. Post implantation annealing 

7. Mesa top removal by ICP etching for source contact preparation 

8. Oxidation and passivation 

9. Ohmic contact formation by self-aligned Ni silicide process 

10. Insulating layers deposition (polyimide and PECVD oxide/nitride) and VIA 

window opening for final overlay access 

11. Deposit final overlay (Al-based) and pattern by wet etching 

12. On-chip driver testing 

 

4.6 Mask Design and Layout 

 The buffer driver modeling and optimization work has concluded with the following 

design parameters to be implemented in the photomask design: 

1. For enhancement-mode LJFET with 0.36μm Wvc, a 0.56μm Wvc depletion-load 

LJFET of 1/5 size is an optimal match considering switching speed and DC voltage 

transfer characteristics. This configuration offers a switching fall time benefit of 

about 25% compared to a DC-equivalent resistor-load buffer. 

2. Considering the imprecise control of channel openings in actual device fabrication, 

different widths have to be designed on the mask level. Wvc variation in 

depletion-load LJFET affects the speed capacity of the buffer driver but is not very 

critical for low-frequency functionality. The Wvc tolerance for enhancement-mode 
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JFET is however quite stringent. A window of only 0.1μm ~0.15μm in the 

enhancement-mode JFET channel opening is available for the buffer driver 

functionality. 

3. At elevated temperature, power switching speed is significantly lower, and the 

tolerance room for Wvc variation is also slightly narrower than the 

room-temperature case. 

4. The channel doping inaccuracy affects the buffer driver’s effective Wvc. For 

doping variation range down to 3x1016cm-3, the Wvc value needs to be made larger 

than the standard design by 0.1~0.2μm to offset the doping effect. For doping up of 

8 x1016cm-3, the Wvc value needs to be made smaller than the standard design by 

0.1~0.2μm. 

5. The four-stage buffer driver design offers better speed than alternative buffers 

using fewer stages on the same chip area. However, the three and two-stage driver 

counterparts are not substantially poorer in switching performance, and can be 

implemented as good buffer circuits too. Fewer stages reduce the circuit’s 

complexity and usually lead to better chance of functionality. The power IC with 

single-stage buffer or no buffer at all will perform switching at very low 

frequencies. They are apparently not optimal designs of the circuit, but single-stage 

logic inverters should be included on the mask as important test patterns and the 

simplest prototype of the depletion-load buffer driver. 
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Considering the above simulation conclusions, the mask Wvc parameters are designed 

with 5 variations. The center target is Wvc=0.36μm/0.56μm. Two wider designs (+0.1μm, 

+0.2μm) and two narrower designs (-0.1μm, -0.2μm) will largely compensate possible 

channel doping inaccuracies and process uncertainties affecting the channel width. In 

addition to four-stage buffer drivers, two-stage drivers as good alternatives are included on 

the mask drawing. Logic inverters are also designed for testing and trouble shooting 

 

Fig. 4-19 Full block view of mask drawing (12.2mm x 8.4mm) 

 

 The mask drawing of a full block is shown in Fig. 4-19. The size of a full block is 

12.2mm x 8.4mm, repeated on a 4-inch mask set. Roughly 30 full blocks can be fit into a 

3-inch SiC wafer, giving an estimated device count as in Table 4-6. 
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Cell Name Sub-block # Comments/Variations 
  
TEST PATTERNS 
Alignment marks A & B 240   
TLM (n and p) A & B 120   
Isolation test pattern B 60   
Gate-source shorting test B 60   

Test diode for Vbr B 180 Includes RESURF 
variation  

  
FUNCTIONAL DEVICES 

Small UV A 180 Small UV JFET integrated 
with a matching resistor 

Integrated UV A 90 UV JFET integrated with 
driver and power JFET 

Small Power JFET A & B 500 Includes Wvc variation and 
RESURF variation 

Small 4D-mesa power 
JFET B 300 Incl. Wvc variation and 

RESURF variation 
Medium power JFET B 60 Includes Wvc variation  
Large power JFET B 60 Includes Wvc variation  
R-load inverter A & B 480 Includes Wvc variation  
D-load inverter A & B 750 Includes Wvc variation  
R-load 2-stage A 360 Includes Wvc variation  
R-load 2-stage diagnostic B 120 Includes Wvc variation  
D-load 2-stage A 630 Includes Wvc variation  
D-load 2-stage diagnostic B 120 Includes Wvc variation  
D-load 4-stage A 360 Includes Wvc variation  

Integrated medium IC B 30 Integrated 2-stage buffer 
to medium power JFET 

Table 4-6 Designed structure types and their number counts on 3-inch SiC wafer 

 

Test structures designed on the photomask include alignment marks, TLM and other 

patterns. Functional devices include drift-length-revised power VC-LJFETs, resistor-load 
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and depletion-load inverters, two-stage buffers and four-stage buffers, an integrated 

version of the depletion-load power IC, as well as a UV-triggered power IC for a 

different project thrust.  

 The photomask set includes 8 layers, as in Table 4-7, and is manufactured by Photo 

Sciences, Inc. The drawing images for typical inverters and buffer drivers are shown in 

Fig. 4-20. 

 

Layer name Critical dimension 

Finger mesa for gate trench etching 1.2μm 

Isolation trench 3.0μm 

P gate implant 5.0μm 

P RESURF implant (optional) 5.0μm 

N+ implant for drain 5.0μm 

Metal for ohmic contacts 2.5μm 

VIA for windows in insulating layers 2.0μm 

Overlay 5.0μm 

Table 4-7 Photomask layer details 
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Fig. 4-20 (a) Two depletion-load logic inverters of varied Wvc designs 

 

 

 

Fig. 4-20 (b) A resistor-load logic inverter 
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Fig. 4-20 (c) A depletion-load two-stage buffer driver 

 

 

Fig. 4-20 (d) A resistor-load two-stage buffer driver 
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Fig. 4-20 (e) A depletion-load four-stage buffer driver 

 

Fig. 4-20 (f) An integrated power IC (medium-size power device and two-stage buffer) 

Fig. 4-20 Mask drawing for some device patterns 
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4.7 Wafer Fabrication for Second-generation Buffer Drivers 

 Upon the delivery of our photomask order, we started experimental fabrication of the 

designed buffer drivers. Major process steps are depicted in Section 4.4. 

 The 3-inch 4H-SiC wafer used for buffer fabrication is provided by Dow Corning 

Corporation, with an epilayer structure of Fig. 4-21. A photo of the wafer prior to any 

metal contact process is shown in Fig. 4-22. 

 

 

Fig. 4-21 Wafer structure for buffer fabrication 

 

 It is noted that an epilayer structural modification is made for this batch of JFET. 

Specifically, the top n+ layer thickness is reduced, which allows shallower gate trench 

etching than previously practiced and may afford better control of the vertical channel 

openings.  
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Fig. 4-22 Wafer photo before any metallization process 

 

 The buffer drivers designed in this dissertation are currently under wafer fabrication 

by anther graduate student of SiCLAB. Further experimental results on this effort will be 

reported separately when they become available. 
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CHAPTER 5 CONCLUSIONS AND SUGGESTIONS 

5.1 Conclusions 

 In the efforts to develop a feasible technology on SiC for the realization of a robust 

power electronics system-on-chip, a fully integrated 4H-SiC power device and IC 

technology has been proposed based on lateral JFET structures. The extent of this work 

starts from the very initial process development for a reliable fabrication procedure of the 

VC-LJFET devices, including a thorough investigation and improvement of the 

TI-VJFET technology. These efforts have enabled the successful implementation of a 

novel metal contact formation scheme in SiC vertical-channel JFETs, and the 

experimental demonstration of the world’s first normally-off lateral power JFET device 

on this material. The high-voltage JFETs fabricated on this device platform are among 

the best lateral power devices in the BV2/RON,SP figure of merit. Upon the experimental 

confirmation of the power LJFET concept, a monolithically integrated gate drive buffer 

circuit on the same lateral device technology platform is investigated. Modeling and 

optimization work for the power ICs using various circuit topologies is accomplished. 

The integrated power device and buffer driver are found capable of high-voltage power 

switching at frequencies up to a few megahertz. Photomask and process design for the 

experimental demonstration of these buffer drivers has also been completed. 

 The research results accomplished in this dissertation in many ways contribute to the 

continued efforts in the development of SiC power electronics technologies. From the 

process technology of SiC ohmic contacts to the design considerations of an integrated 
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SiC power switch system, scientists in this technical community may find useful 

information from more than one aspects of this work. With the superior material 

advantage of SiC over silicon, power device and circuit technologies based on this 

semiconductor could seriously challenge the Si dominance in power electronics market in 

the near future. Among various choices of device structures, the SiC VC-LJFET platform 

described in this dissertation is believed to offer a competitive and attractive solution for 

the power integration applications in SiC. 

 The accomplishments of this dissertation research can be summarized as the 

followings: 

1. The original TI-VJFET process is reviewed. Troubling procedures are identified for 

improvements. The VC-LJFET process is then designed based on the improved JFET 

fabrication technology and certain unique considerations for lateral devices. 

2. A novel self-aligned Ni ohmic contact process is developed for SiC TI-JFET structures. 

In this procedure, simultaneous formation of source, gate and drain ohmic contacts can be 

made without the need for critical lithography.  

3. An interesting dependence of Ni to SiC ohmic contact resistances on the annealing 

temperature is observed and analyzed. The findings are supportive to a recent 

carbon-vacancy explanation of the Ni-SiC ohmic contact formation mechanism. 

4. The full process flow of the power VC-LJFET is explored, leading to the 

demonstration of the first normally-off power lateral JFET on 4H-SiC. 
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5. Numerical modeling and compact parameter extraction of high-voltage and 

low-voltage VC-LJFET devices is performed for the circuit-level simulation of gate 

buffer drivers and power ICs. 

6. Resistor-load and depletion-load versions of gate buffer drivers are studied in PSPICE 

for performance comparison and design window investigations. It is found that using 

depletion-load buffers could reduce the high-voltage switching fall time of the driven 

power LJFET by 25~50% compared to the DC-equivalent resistor-load buffer drivers. 

7. The second-generation SiC LJFET-based power ICs are designed and implemented on 

the mask level. 

 

5.2 Future Work Suggestions 

To further improve the power LJFET devices for integrated power electronics, the 

following challenges remain to be addressed. [57] 

Firstly, critical device dimensions can be further shrunk. An inspection of the 

fabricated device cross-sectional structure reveals that it has a unit cell width of over 20 

μm with 5~8 μm responsible for blocking voltage. The other portions include a P+ gate 

ohmic contact region, as well as an N+ drain region. Shrinking of these dimensions can 

help reducing the LJFET specific on-resistance by both increasing the cell density and 

reducing unit-cell device resistance. In addition, the trench width and channel length can 

also be reduced to further lower the device resistance. Improved photolithographic 

resolution as well as refined process control can lead to such improvements. It is 
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predicted that a specific on-resistance as low as 3 to 4mΩ·cm2 is possible for a 1.2 kV 

device, challenging even the best performance figures obtainable from vertical SiC 

devices. Secondly, parasitic capacitances of the LJFET should be minimized to further 

reduce the device switching losses in power switching circuits as well as to increase the 

switching frequency of these circuits. Capacitances between gate and source (Cgs) and 

gate and drain (Cgd) play a dominant role in determining the switching frequency of 

these devices and their efficiency in a high frequency circuit. Cgs can be reduced by 

minimizing or avoiding the contact between the gate P+ region and the source N+ region. 

Cgd can be reduced by narrowing the gate P+ regions and/or by shielding the gate region 

from the drain by ground plane field-plating. It is expected that the device switching 

losses in a hard-switching circuit can be substantially reduced if these two capacitances 

are minimized. Thirdly, the device structure and process can be further optimized for 

high power and high temperature applications. Designing a normally-off JFET becomes 

increasingly challenging as the targeted operation temperature increases. A more robust 

device and process design, plus the state-of-the-art facilities will be required to overcome 

these challenges. Lastly, the very high temperature potential (> 600◦C) of SiC JFET 

devices calls for substantial advances in high temperature packaging technologies. 

Promising as they are, the unique capabilities of SiC JFETs can make a practical impact 

only after robust high-temperature packaging solutions become available. 

 In addition, the low-voltage portion of SiC LJFET-based power integrated circuit is 

still in its very primitive stage. A fully integrated smart power technology requires not 
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only the gate driving buffers, but also signal generation, processing and control modules 

as well as various analog and digital functional blocks and protection circuits. [58] The 

theoretical study and experimental demonstration of these circuits are highly attractive, 

and will pave the way for the VC-LJFETs towards the ultimate goal of a power 

electronics system-on-chip technology in SiC. 
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